The activating transcription factor 2 (ATF-2) is a member of a family of basic-leucine zipper (bZip) proteins that bind specifically to the consensus sequence ATGACGTA/CA/G (1, 2) . ATF-2 and/or a related transcription factor, ATF-a, are involved in mediating transcription activation by the adenovirus Ela protein and are required for virus induction ofthe human interferon /B (IFN-13) gene (3) (4) (5) . In both ofthese cases ATF-2 functions either as a homodimer or as a heterodimer with c-Jun (5, 6) .
The high mobility group (HMG) proteins are low molecular weight, acid-soluble, non-histone chromosomal proteins that have been classified into three distinct groups: HMG 1/2, HMG 14/17, and HMG I(Y) (7) . HMG I(Y) has been shown to be required for the activities of two distinct positive regulatory domains (PRDII and PRDIV) of the human IFN-/3 gene promoter (5, 8) . The Protein-protein interactions between members ofthe same or different families of transcription factors have been implicated in the transcriptional regulation of many genes. For example, direct interactions between different molecules of the transcription factor Spl (9) and between Spl and an enhancer binding protein (10) have been shown to mediate transcriptional synergy. Similarly, the bZip family proteins c-Jun and c-Fos interact with the glucocorticoid receptor, and these interactions can result in transcriptional synergy or repression (11) (12) (13) (14) . In addition, c-Jun can also interact with MyoD, a helix-loop-helix family protein, and this interaction appears to inhibit myogenesis (15) . The mechanisms by which these interactions lead to transcription activation and repression are poorly understood.
The interaction between HMG I(Y) and ATF-2 provides the opportunity to examine the question of how proteinprotein interactions can affect the activity of transcription factors. In this paper, we show that at least one of the mechanisms by which HMG I(Y) stimulates ATF-2 DNA binding is to promote the dimerization of ATF-2. Additional insights into the function of HMG I(Y) were provided by the identification of an alternatively spliced form of ATF-2 (ATF-2192), which can bind specifically to PRDIV, but is unable to interact with HMG I(Y 
MATERIALS AND METHODS
Cloning and Plasmid Constructions. ATF-2192 and ATF-2195 were obtained by using the polymerase chain reaction (PCR) with mouse L929 first strand cDNA as the template. The PCR products were cloned into the pSP73 plasmid vector and the DNA sequences of distinct clones were determined. All cloning procedures were according to Maniatis et al. (16) .
Expression, Purification of Bacterial Proteins, and Electrophoretic Mobility Shift Assay (EMSA). The open reading frames ofATF-2192 or ATF-2195 were cloned into the bacterial expression vector pET-15b (Novagen), in frame with the 6-histidine moiety to facilitate protein purification. Expression and purification procedures and EMSA conditions were as described (5, 8) .
Protein-Protein Interaction Assay and in Vitro Translation. These procedures were carried out as described (5 (18) . We used the PCR to isolate six distinct forms of ATF-2 from cDNA prepared from mouse L929 cells, two of which were particularly interesting (unpublished). One form, which is designated ATF-2195, does not contain amino acid sequences between 132 and 229 of the original mouse ATF-2 protein (Fig. 1 ). This form of ATF-2 was shown to activate transcription from a T-cell enhancer (18) and the human IFN-P3 promoter (5 HMG I(Y) is required for the function of both PRDII (8) and PRDIV (5), and HMG I(Y) directly interacts with both ATF-2 (5) and NF-KB (D. Thanos, S. C. Chan, and T.M., unpublished observations). Interestingly, the bZip domain of ATF-2 is required for its interaction with both HMG I(Y) and NF-KB (ref. 5 ; unpublished data). Considering that the alternative splice that generates the ATF-2192 isoform occurs within the basic region ofthe bZip motif, it is possible that the ATF-2192 isoform differs in its ability to interact with HMG I(Y) and/or NF-KB. To address this possibility, ATF-2192 and ATF-2195 mRNAs were translated in vitro and the resulting proteins were tested for their ability to interact with the GST fusion proteins GST-HMG I(Y) or GST-p50 (NF-KB). Because ATF-2192 and ATF-2195 contain identical leucine zipper sequences, it was not surprising that both form dimers with GST-ATF-2195 (Fig. 2B, lanes 5 and 10) . However, in contrast to ATF-2195, which interacts with both HMG I(Y) and p50 (Fig. 2B, lanes 8 and 9) , ATF-2192 did not interact with either protein (lanes 3 and 4) . These results, in conjunction with previous studies showing that the bZip domain, of ATF195 is sufficient for interactions with HMG I(Y), indicate that the amino acid sequences that differ between the bZip regions of the two ATF-2 isoforms play a critical role in the interaction between ATF-2195 and both HMG I(Y) and p50. between the two ATF-2 isoforms, ATF-2192 binds specifically to PRDIV (Fig. 3, lanes 1-3) (5) . In this paper we show that the ATF-2192 isoform binds specifically to PRDIV but does not interact with HMG I(Y). It was therefore of interest to determine whether the ability of HMG I(Y) to interact with ATF-2195 correlates with its ability to stimulate DNA binding in vitro.
As shown in Fig. 3 , concentrations of HMG I(Y) that significantly stimulated the binding of ATF-2195 to PRDIV (lanes [8] [9] [10] [11] [12] [13] 1-7) . HMG I(Y) binds to two sites that immediately flank, and may partially overlap, the ATF-2 binding site in PRDIV, and HMG I(Y) forms a DNA-protein complex with PRDIV at all ATF-2 concentrations tested in the experiment of Fig. 3 (lanes 4-7) . Fig. 4, lanes 1-4, (Fig. 4, lanes 6 and 7) . Thus, both HMG I(Y) and p5O interact only with dimers ofATF-2195. We Glutaraldehyde crosslinking experiments were carried out to determine whether the presence of HMG I(Y) results in a decrease in the ATF-2195 monomers and an increase of the ATF-2195 dimers. As shown in Fig. 5B , in the absence of added HMG I(Y), some ATF-2195 exists as dimers at the concentration used;^however, a significant portion of the ATF-2195 is present as monomers. In the presence of added HMG I, more dimers ofATF-2195 were crosslinked, and some migrate even slower, the latter probably corresponding to the complex of ATF-2195 dimer and HMG I. Shown is an equilibrium between ATF-2 monomers (A) and ATF-2 dimers (A2), and the dissociation constant Kd. At high concentrations of ATF-2 (A >> Kd), most ATF-2 exists in the dimer form, while at low concentrations of ATF-2 (A << Kd), most ATF-2 exists in the monomer form. The addition of HMG I, which interacts specifically with ATF-2 dimer and would lead to the formation of a stable complex, shifts the equilibrium to the right, resulting in the depletion of ATF-2 monomers and the accumulation of ATF-2 dimers (or ATF-2-HMG I complex). (B) ATF-2195 bZip region (amino acid sequence 322-400) was fused to GST and expressed in bacteria. The purified GST-ATF-2 fusion protein was incubated with (+) or without (-) HMG I as indicated, crosslinked, and analyzed. Numbers on the right indicate the molecular mass standards in kDa. Bands corresponding to the sizes of GST-ATF-2 monomer, dimer, or GST-ATF-2 monomer-HMG I complex are indicated at left by ATF-2, ATF-2 dimer, and ATF-2+HMG I, respectively. The bracket at the position of the ATF-2 dimer likely corresponds to crosslinked ATF-2 dimers and to ATF-2 dimers crosslinked to monomers or multimers of HMG I(Y). The band below the GST-ATF-2 fusion protein may correspond to a GST-ATF-2 breakdown product. The band migrating with a mobility corresponding to a 68-kDa protein is a crossreacting protein from bacteria.
band with molecular mass between 43 kDa and 68 kDa appeared in the presence ofHMG I, and its size corresponded to the ATF-2 monomer-HMG I adduct, which may result from crosslinking of HMG I(Y) (19) , and the hepatitis B pX protein (20) . Like HMG I(Y), the Tax protein has been shown to stimulate the dimerization of ATF-2 and other bZip proteins (19) .
Biochemistry: Du and Maniatis .l Controlling protein dimerization may be a widely used mechanism for regulating the DNA binding and transcriptional activities of bZip proteins. Interestingly, the dimerization activity of Tax is thought to be mediated through contacts between the Tax protein and the bZip region of ATF-2 (19) . Both Tax (19) Structural studies of the bZip elements revealed that the basic region of bZip proteins is relatively unstructured in the absence of DNA and assumes a helical conformation upon binding to specific DNA sequence (21) (22) (23) (24) . The portion ofthe basic region that differs between ATF-2195 and ATF-2192 is located 4 amino acids N-terminal to the most N-terminal asparagine known to contact DNA (25) . Examination of the the.e-dimensional structure of the basic region of GCN4 bound tt DNA reveals that the region that differs between the two ATF-2 isoforms extends well out of the major groove and should therefore be accessible for protein-protein interactions. Interestingly, the first amino acid in ATF-2192 that differs between the two isoforms is a proline residue (see Fig.  2 ), which would presumably introduce a kink or disrupt the a-helix in this part of the basic region. It is also interesting to note that the corresponding portion of the basic region of CREB has been shown to be specifically recognized by the HTLV Tax protein (26) . Specifically, the presence of a 3-amino acid sequence (AAR) in this region is required for efficient interaction with Tax (26) . Thus, this region of ATF-2 and other bZip proteins may function as a protein-protein interaction interface. DNA binding domains are usually the most conserved portion of eukaryotic transcription factors, and a number of recent studies have shown that these domains are also required for specific protein-protein interactions (5, 13, (27) (28) (29) . The existence of distinct isoforms of ATF-2 that have the same DNA binding specificity but differ in their ability to interact with HMG I(Y) suggests that the two isoforms may perform different functions in vivo.
